Abstract Global and regional ocean warming deeper than 2000 m is investigated using 35 years of sustained repeat hydrographic survey data starting in 1981. The global long-term temperature trend below 2000 m, representing the time period 1991-2010, is equivalent to a mean heat flux of 0.065 ± 0.040 W m −2 applied over the Earth's surface area. The strongest warming rates are found in the abyssal layer (4000-6000 m), which contributes to one third of the total heat uptake with the largest contribution from the Southern and Pacific Oceans. A similar regional pattern is found in the deep layer (2000-4000 m), which explains the remaining two thirds of the total heat uptake yet with larger uncertainties. The global average warming rate did not change within uncertainties pre-2000 versus post-2000, whereas ocean average warming rates decreased in the Pacific and Indian Oceans and increased in the Atlantic and Southern Oceans.
Introduction
Quantifying and understanding regional patterns and the mechanisms controlling global energy and sea level budgets is a major scientific challenge. The global ocean absorbs the vast majority (93%) of the planetary energy imbalance, with the remaining 7% accounted for by land warming, atmosphere warming and moisture gain, and melting ice [Rhein et al., 2013] . However, much of the ocean volume remains unmonitored or sparsely sampled in space and time [Lyman and Johnson, 2013] , and historical estimates of ocean heat content (OHC) prior to the mid-2000s are mostly limited to the upper 700 m [e.g., Abraham et al., 2013] . The Argo array has now yielded more than a decade (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) of crucial information on OHC shallower than 2000 m [Roemmich et al., 2015; Wijffels et al., 2016] . Argo's extension toward the ocean bottom promises to yield unprecedented insights into the poorly known behavior of the deep (2000-4000 m, herein) and abyssal (below 4000-6000 m) oceans. However, until the Deep Argo array approaches its targeted strength of 1200 active full-depth profiling floats [Johnson et al., 2015] , decadal repeats of hydrographic sections [Talley et al., 2016] will be the only global-scale observing system for the deep and abyssal ocean.
The ocean below 2000 m is filled with water masses formed at high latitudes via air-sea and ocean-ice interaction, deep convection, and deep overflows. Open water convection in the Labrador Sea and deep overflows from the Nordic Seas form the North Atlantic Deep Water (NADW), which feeds into the southward flowing limb of the Meridional Overturning Circulation (MOC). This water mass overlies the northward flowing Antarctic Bottom Water (AABW) that covers a substantial fraction of the global ocean bottom [Johnson, 2008] . AABW is formed in the Southern Ocean when cold, dense shelf waters cascade down the continental slope and mix with ambient waters [Gordon, 2001] . NADW and AABW communicate high-latitude changes throughout the globe, by affecting the large-scale, density-driven ocean circulation and contributing to global energy storage.
Using repeat hydrographic section data taken between 1981 , Purkey and Johnson [2010 [ Desbruyères et al., 2014] and AABW [Johnson et al., 2014] , implying regional and possibly global decadal variations of the global deep ocean warming pattern.
Here we update the data through 2015 (section 2) to extend Johnson, 2010's [2010] long-term analysis and investigate decadal deep and abyssal ocean temperature changes on global (section 3.1) and ocean (section 3.2) scales by analyzing trends during pre-2000 and post-2000 time periods where data coverage is sufficient. Results are then summarized and discussed (section 4).
Data and Methods
We use high-quality deep ocean temperature, salinity, and pressure data from all shipboard repeated hydrographic sections publically available as of April 2016 at http://cchdo.ucsd.edu/. These sections were mostly first sampled in the 1990s through the international World Ocean Circulation Experiment (WOCE) Hydrographic Program, a full-depth, global, high-resolution oceanographic survey producing a baseline for the deep ocean's hydrographic properties. Subsequently, a subset of the WOCE sections has been reoccupied in support of the Climate Variability and Predictability (CLIVAR) and Carbon Cycle Science programs, now coordinated by the international Global Ocean Ship-Based Hydrographic Investigations Program (GO-SHIP).
Temperature, salinity, and pressure profiles with accuracy better than 0.002 ∘ C, 0.002 PSS-78, and 3 dbar, respectively [Hood et al., 2010] were collected from the surface to a depth of 10-20 m from the bottom using a conductivity-temperature-depth (CTD) instrument, nominally every 55 km along each section. The temperature and salinity data were binned into 1 or 2 dbar pressure bins during initial processing. The global data set consists of 148 hydrographic sections repeated along 34 cruise tracks spanning 1981 to 2016 (Figure 1) . Most of the 33 bathymetry-defined deep ocean basins are reasonably sampled (note that the Scotia Sea basin was not included in Purkey and Johnson [2010] ), with exceptions in the easternmost Pacific Basins and in the northwestern Indian Ocean (Figure 1a ). For the analysis below, these basins are assembled into four groups: Atlantic (orange), Pacific (dark blue), Indian (green), and Southern (light blue). are replicated down to the seafloor. The number of degrees of freedom (DOF) for a given basin is the sum of the lengths of portions of any sections crossing that basin divided by L = 163 km, which is our best estimate of the horizontal decorrelation scale for all sections longer than 2000 km at all pressures [Purkey and Johnson, 2010] . Note that using a global mean L may decrease the number of DOF at high latitudes where L is likely smaller than 163 km, possibly causing a slight overestimate of the errors in these regions. Yet given the sparse hydrography sampling, we could not distinguish the dependence of L on latitude with any statistical confidence. The uncertainty of the mean Figure 1a , black lines). The difference between the long-term and the long-term S1 reflects a bias from undersampling during the pre-/post-2000 time periods. It is referred to as the "sampling bias" hereafter and is considered as an additional error estimate for the pre-2000 and post-2000 trends, in conjunction with the 95% confidence intervals calculated from the regional variance. For each basin, a representative time span is computed by averaging the dates of the first and last occupations of all sections used for that particular basin (Table 1) . Hence, the time spans describing the long-term, pre-2000, and post-2000 estimates differ slightly among basins.
We compute for each basin the local heat content trend (Q i ) and the thermosteric sea level rise ( i ) implied by the warming rate below an isobath i, using mean profiles of density ( ), heat capacity (C p ), and thermal expansion ( ) coefficients from the World Ocean Atlas 2013 climatology product [Boyer et al., 2013] :
where a is the surface area of each individual 20 m spaced isobath z calculated from the ETOPO2.v2 bathymetry product. In section 3, we will provide the local quantification of Q and for the deep (2000-4000 m), the abyssal (4000-6000 m), and the total (2000-6000 m) layers, as well as their contribution to the global heat and sea level budgets. The standard errors are computed from the volume-weighted variance of Q and and the volume-weighted DOF within the three layers, using a as a weight in the . The 95% confidence intervals are shown shaded. Twice the difference between long-term and long-term S1 gives an independent uncertainty range for the decadal change (dashed green; see text for details). Time-mean periods described by the long-term profiles are provided in Table 1. vertical integration. The 95% confidence intervals are finally obtained assuming Student's t distribution. Due to the similar characteristics of the heat content and thermosteric sea level trend patterns, only the former is described in section 3. The thermosteric sea level trends and their implications for the global sea level budget are discussed in section 4.
Results

Global Trend
The long-term (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and explain 67% (22 ± 21 TW) and 33% (11 ± 3 TW) of the global ocean heat gain below 2000 m depth, respectively. For both layers, the dominant role of the Southern Ocean stands out from the global pattern of heat content trends (Figures 3a and 3b ).
The aforementioned values represent an update of Johnson, 2010's [2010] analysis using 38 additional repeats mostly carried out after the year 2010. This extended data set does not substantially impact the structure and magnitude of the global trend, previously estimated as 20±26 TW (0.041±0.052 W m −2 ), 13 ± 4 TW (0.027 ± 0.009 W m −2 ), and 34 ± 31 TW (0.068 ± 0.061 W m −2 ) between the 1990s and 2000s for the deep, abyssal, and total layers, respectively [Purkey and Johnson, 2010] . This suggests that the deep and abyssal global warming rate has not undergone dramatic changes during the most recent years. However, recomputing the trends over longer time periods using more data does reduce the global uncertainties. (Figures 3a and 3b) , the pre-2000 estimate (Figures 3c and 3d) , the post-2000 estimate (Figures 3e and 3f ) , the difference between post-2000 and pre-2000 estimates (Figures 3g and 3h) , and the difference between the long-term S1 and the long-term estimates (Figures 3i  and 3j ). (Table 1) . Taken with the measured variability, the discrepancy between the pre-2000 and post-2000 and the long-term OHC trends is well within the total uncertainty (Figure 2a , dashed green lines), suggesting that there has not been a significant change in the total accumulation rates of deep and abyssal OHC for the two different time periods.
Regional Trends
For each of the three time periods, the global temperature profile is decomposed into its contributions from the Atlantic (Figure 2b 
Atlantic Ocean
The Atlantic Ocean below 2000 m cooled long-term at a rate of −0.07 ± 0.59 m ∘ C yr −1 (−1 ± 13 TW). A significant cooling of its upper deep layer (2000-3000 m) peaking at −1 ± 0.7 m ∘ C yr −1 is observed owing to a strong cooling in its northwestern basin (Figure 3a) . This is the only basin with a statistically significant cooling trend at deep levels. The remainder of the Atlantic water column below 3000 m underwent a relatively small average warming, which primarily results from warming in the Brazilian and Argentinian Basins, partially offset by abyssal cooling in the north and southeastern basins.
The Atlantic Ocean shows a trend reversal post-2000 in the deep layer (Figure 2b , blue, orange, and green), with a cooling-to-warming tendency between 2000 m and 3000 m (statistically significant shallower than 2500 m) and a warming-to-cooling tendency between 3000 m and 4000 m. The former change occurred in the North Atlantic, while the latter change is observed in the South Atlantic with the strongest contribution from the Argentine Basin, previously reported by Johnson et al. [2014] (Figure 3g) . Overall, the deep and abyssal OHC variability in the Atlantic Ocean represent a 7 ± 30 TW increase in the global OHC trend (Table 1, top) , with a sampling-related uncertainty well within the original uncertainty range (Figure 2b , green dashed lines).
Pacific Ocean
The Pacific Ocean below 2000 m warmed long-term at a rate of 0.23 ± 0.12 m ∘ C yr −1 (10 ± 7 TW). The temperature trend indicates warming at every pressure level, with a remarkably smooth vertical structure and small uncertainty range (Figure 2c , black) and a relatively uniform horizontal distribution (Figures 2a and 2b) . Despite a relatively small warming rate, this voluminous ocean accounts for almost a third of the global OHC increase below 2000 m (Table 1, 
top).
The Pacific Ocean shows reduced warming trends post-2000 compared with pre-2000 shallower than 3500 m and no significant variability at abyssal levels (Figure 2c , blue, orange, and green). The warming of the deep layer, which substantially contributed to the global OHC trend during the 1990s (17 ± 15 TW), became smaller during the 2000s (6 ± 11 TW). This decadal decrease of the deep Pacific warming rate is distinguishable from zero at the 95% confidence level shallower than 3500 m and is not driven by sampling-related biases (Figure 3c, dashed) . It primarily reflects a small change of the trend magnitude within its voluminous central basin and large changes within the smaller westernmost basins that significantly exceed their associated sampling-related biases (Figure 3i) . Overall, the deep and abyssal OHC variability in the Pacific Ocean represents an 11 ± 19 TW decrease in the global OHC trend (Table 1, top) . The reduced sampling coverage appears to have no impact on the reported decadal change.
Indian Ocean
The Indian Ocean below 2000 m warmed long term at an average rate of 0.27 ± 0.69 m ∘ C yr −1 (4 ± 12 TW), owing to substantial warming trends between 2000 and 2500 m and 4500 and 5500 m (Figure 2d, black) .
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Warming is predominantly found in the eastern part of the domain and also in the abyssal layer of the Agulhas region, while cooling is detected in the western basins below 4000 m (Figures 3a and 3b ).
The Indian Ocean shows reduced and increased post-2000 warming trends shallower and deeper than 3500 m, respectively (Figure 2d , blue, orange, and green), relative to the pre-2000 trends. The deep signal is observed in the eastern and western portions of the domain, while the abyssal signal primarily arises in the easternmost basin. Overall, the deep and abyssal OHC variability in the Indian Ocean represents a 10 ± 28 TW decrease in the global OHC trend (Table 1) . Despite the relatively large changes in the deep layer between a strong pre-2000 warming trend and a post-2000 near zero, the large uncertainties of both estimates make their differences undistinguishable from zero at 95% confidence interval. The sampling bias is small over the whole domain and remains within the original uncertainty range (Figure 2d , green dashed lines), but it is locally important at deep levels with cold anomalies within the boundary basins compensating for warm anomaly in the interior (Figure 3i ).
Southern Ocean
The Southern Ocean below 2000 m warmed at a long-term rate of 2.17±0.70 m ∘ C yr −1 (21±7 TW). This ocean presents a strong and vertically uniform warming through both layers (Figure 2e, black) . Despite its relatively small volume, it is the largest contributor to the long-term global heat gain below 2000 m, accounting for 67% of the global trend (Table 1, top). It is also the only region showing an averaged deep (2000-4000 m) heat content trend statistically different from zero at the 95% confidence level. The strong warming rates of the Southern Ocean basins stand out (Figures 3a and 3b) , with warming signals suggesting northward spreading into the Pacific Ocean, the southwestern Atlantic Ocean, and the eastern Indian Ocean.
The Southern Ocean shows relatively large differences between the pre-2000 and post-2000 estimates, albeit with relatively large uncertainties (Figure 2e , blue, orange, and green). The mean pre-2000 and post-2000 temperature trends suggest enhanced warming rates shallower than 4500 m primarily owing to increased warming in the Amundsen-Bellingshausen Basin (Pacific sector, Figure 3g ) and reduced warming rates below 4500 m owing to the lack of warming in the Weddell-Enderby Basin post-2000 (Indo-Atlantic sector, Figure 3h) . Overall, the deep and abyssal OHC variability in the Southern Ocean represent a 8 ± 26 TW increase in the global OHC trend (Table 1, 
Conclusion
Using 148 hydrographic occupations distributed along 34 sections over the global ocean, we make up-to-date estimates of the bidecadal trend in deep (2000-4000 m) and abyssal (4000-6000 m) temperatures on global, ocean, and basin scales and identify any recent reduction, increase, or reversal of those trends between the late 20th and early 21st centuries. Extending Johnson, 2010's [2010] data set with additional section repeats after 2010 does not significantly change the characteristics of the long-term temperature trend they reported; the global ocean below 2000 m continued to warm at similar rate during the most recent years. However, making the estimate with more data over a longer time period does reduce the uncertainties. The global temperature trend representing the mean period 1991-2010 averages out to 0.39 ± 0.17 m ∘ C yr −1 (33 ± 21 TW), which is equivalent to an applied heat flux at the top of the atmosphere of 0.065 ± 0.040 W m −2 . This value is about 13% of the total oceanic heat uptake rate estimate between 1993 and 2010 of 257 TW [Rhein et al., 2013] and confirms the predominant storage of anthropogenic heat within the upper half of the ocean in recent decades [Roemmich et al., 2015; Desbruyères et al., 2016] , although the deep ocean heat uptake rate is expected to increase with time [Gleckler et al., 2016] . The deep and abyssal ocean warming contributes to a thermosteric sea level rise of 1.17 ± 0.73 mm decade −1 , roughly 4% of the total sea level rise of 32 ± 4 mm decade −1 over the altimetry period (1993-2012) [Church et al., 2013] .
Long-term temperature trends reveal a continued warming of deep and abyssal basins filled by deep waters originating from the Southern Ocean (Figure 3) . The bottom limb of the MOC, fed by AABW formed primarily along the Antarctic continental slope, flows north filling the abyssal Pacific, Indian, and South Atlantic and the deep and abyssal Southern Ocean [Johnson, 2008] . These regions fed by AABW show uniform and statistically significant warming in the long-term and pre-/post-2000 trends with the exception of the western Indian Ocean. The Southern Ocean warming alone drives 67% of the global long-term heat content rise below 2000 m. This southern intensified global warming of AABW-fed deep and abyssal basins has been connected to a downward isotherm heave-a volume loss of the cold, dense water possibly owing to local changes in AABW production rates around Antarctica, suggesting a slowdown in the bottom limb of the MOC as a potential mechanism [Purkey and Jonhson, 2012; Masuda et al., 2010] . Changes in the MOC are also likely to have influenced OHC trends in the North Atlantic, which underwent a strong and statistically significant long-term cooling in the upper deep layer. This cooling, which opposes with the AABW-dominated warming of the global deep ocean, primarily reflects the cold and dense vintage of upper NADW formed in the subpolar gyre during the 1990s [e.g., Robson et al., 2014] . Consistently, previous analysis of repeat hydrography sections highlighted the strong contribution of isopycnal heave to deep temperature trends in the North Atlantic subpolar gyre [Desbruyères et al., 2014] .
The additional data used here extended Purkey and Johnson's [2010] deep and abyssal trends beyond 2010 and enabled an investigation of the shorter-term temperature change that occurred during two distinct time periods. The global trends characterizing these two time spans show remarkably similar magnitudes and vertical structures, with the abyss warming at a faster rate than the deep ocean. Within both layers, the difference between pre-2000 and post-2000 trend estimates is indistinguishable from zero at the 95% confidence level. This would imply that no accelerated or attenuated warming was detected in the lower half of the water column during the surface warming slowdown of the 2000s [Fyfe et al., 2016] and that within the large observational uncertainties of the present global deep ocean observing system, the global vertical redistribution of heat expected during such a hiatus phenomenon remained confined in the upper half of the water column. This is in line with the analysis of observational products showing a global temperature change between the 1990s and the 2000s restricted above 500 m [Nieves et al., 2015] . Some substantial changes of the temperature trends from one decade to the next are, however, observed in individual oceans, most particularly within the deep layer where the constant global warming rate in pre-2000 and post-2000 is found to result from a compensation between enhanced warming rates in the North Atlantic and Southern Oceans and reduced warming rates in the South Atlantic, Pacific, and Indian Oceans. Among those signals, the statistically significant cooling-to-warming reversal in the deep North Atlantic highlights the general warming of upper NADW observed between the 1990s and the 2000s [e.g., Yashayaev et al., 2007; Mauritzen et al., 2012; Robson et al., 2014] . This reversal reflects a weakening of deep convection in the subpolar gyre, an important mechanism for reducing the rate of global surface warming on decadal timescales [Meehl et al., 2011; Chen and Tung, 2014] .
Decadal changes of temperature trends are deduced from a reduced data set, with gaps in the section distribution introducing potential biases in the pre-2000 and post-2000 estimates. While estimates in the weakly stratified abyssal layer are barely affected by introducing such spatial gaps in the observing system, a global warm bias accounting for 9 TW is introduced within the deep layer. This bias primarily arises in the Amundsen-Bellingshausen Basin of the Southern Ocean where relatively few hydrographic repeat sections are available. Uncertainties are consequently increased, and the reported intensification of the deep Southern Ocean warming rate is shown not to be significant within these uncertainties.
Reducing uncertainties of the deep and abyssal property changes is one of the main motivations for the launch of deep-profiling Argo floats (the Deep Argo array) capable of recording temperature and salinity below 2000 m at much higher temporal and spatial frequencies than those achieved by shipboard measurements. Its regional implementation has begun in the North Atlantic, Southern Ocean, and southwest Pacific, which is where the largest temperature trends are found. Moving toward the targeted fleet of 1200 floats at 5 ∘ × 5 ∘ spacing [Johnson et al., 2015] , unprecedented information on the formation rates, property changes, and pathways of deep and abyssal water masses will be revealed. However, repeat hydrographic sections, such as those analyzed here, will serve as crucial benchmarks for the development of the array while continuing to provide the most accurate estimates of coast-to-coast full-depth synoptic transports, physical, and biogeochemical properties.
